I. Serum labelled with radioactive iron was adjusted to different degrees of iron saturation and clearance of the tracer from the circulation of rats and its uptake by liver and intestine were followed.
with transferrin is so firm that at the concentrations of iron and transferrin in plasma there are no free iron atoms (Aasa et al., 1963) and no redistribution of iron takes place between different transferrin molecules (Turnbull & Giblett, 1961) . Consequently one-iron-bound and two-iron-bound forms of transferrin can be labelled and the influence of these molecules on the fate of their attached iron atoms can be measured (Fletcher, 1969) .
MATERIALS AND METHODS
Female rats (160-200 g) of the Carworth strain were reared on a commercial diet (Oxoid 4IB), containing 95 mg of iron/kg (McCall, Newman, O'Brien, Val berg & Witts, 1962) . They were housed in polythene boxes with stainless-steel grids above and below.
Radioactive iron CS 9 Fe and 55Fe) was obtained from The Radiochemical Centre, Amersham.
Ferric citrate was used in most experiments but, as indicated in the Results section, this was occasionally replaced by ferric chloride.
Non-radioactive iron was ferrous ammonium sulphate (Caraway, 1963) . Plasma iron concentration and total iron binding capacity were measured by the automated method of Young & Hicks (1965) . Iron-free water and glassware were used throughout.
Iron-deficient serum
Rats were made iron-deficient by feeding them on a diet of milk, sugar and iron-free water, together with removal of 2 ml of blood by cardiac puncture twice weekly. After 2 weeks of this regime the iron saturation of circulating transferrin was less than 10 %. A pool of this iron-deficient serum was then collected by continued twice-weekly bleeding; this pool had an iron content of 30 pgjlOO ml and a total iron-binding capacity of 850 pg/IOO ml. The pool of serum was stored at -20°until used.
Labelling of serum
Serum was labelled with radioactive iron as shown in Table I . Four equal volumes of iron-deficient serum were prepared and a tracer amount of 59Fe was added to two, A and C; the amount of radioactive iron added would combine with less than 3 % of the available unsaturated transferrin. The degree of saturation of the transferrin in samples A and D was then raised to about 60% by adding an equal quantity of non-radioactive iron to each. All the sera were incubated for 60 min at 37°to ensure complete combination of iron with transferrin. Finally sample A was mixed with sample B, and sample C with sample D, to produce two mixtures containing the same amounts of iron, radioactive iron and transferrin, but in combined sample AB the 59Fe was attached to transferrin at high saturation and in sample CD at low saturation.
Tissue uptake of radioactive iron
Two groups of rats, seven in each, were labelled as AB or CD. The live animals were placed in small ventilated cardboard boxes and total body radioactivity was counted in a whole-body animal counter (Barnaby & Orton, 1967 ) to obtain background measurements. A portion (0'5 ml) of either serum mixture AB or mixture CD was injected into the lateral tail vein and the animals were counted for radioactivity again. The amount of radioactive isotope injected was such that 1 % of the dose could be measured to an error of ±2 % in a few minutes of counting time. After a predetermined time-interval the animals were killed; 25 units of heparin were injected intravenously and they were exsanguinated from the internal carotid artery. The liver and small intestine, from the pylorus to the ileocaecal junction, were removed, blotted free of surface blood and counted for radioactivity in the same whole-body counter. A measured volume of blood was also counted for radioactivity. Amounts of radioactivity in 
+ +
the liver, intestine and circulating blood volume were expressed as percentages of the total radioactivity in each animal and the results for the two groups of rats were compared. In separate experiments rats were killed at I, 2, 4 and 24 hand 10 days after injection of the serum mixtures.
To calculate the amount of radioactivity in each animal's circulation it was necessary to know the relationship between body weight and blood volume. For this, 0'5 ml of washed rat erythrocytes labelled with 59Fe and suspended in saline was injected intravenously into a series of animals of different weights. The total body radioactivity of the animals was counted while they were alive, and they were then killed by exsanguination and samples of blood were counted. There was a linear relationship between blood volume and body weight for rats of the range of size used in these experiments so that 1 g body weight contained 0'04375 ml of blood.
Redistribution of labelled iron
After the initial uptake of labelled iron by the tissues a redistribution takes place over the following days. This was studied by attempting to block redistribution with intramuscular injections of large doses of non-radioactive iron (Lockner, 1966) . As described above, two groups of rats, for this experiment fourteen in each group, were injected with serum mixtures AB or CD. At 18 h later seven animals in each group were given an intramuscular injection of 5 mg of iron as iron sorbitol citrate (Jectofer) together with 5 mg of iron as iron dextran (Imferon). Then 6 h later these rats received another 5 mg of iron as iron dextran alone and this intramuscular injection was repeated daily for 14 days. All the animals were then killed and their organs counted for radioactivity as above. The injections were intended to block the mobilization of labelled iron from the tissues in which it was originally localized by saturating circulating transferrin so that no free iron-binding sites were available. Certainly the serum iron concentration was very high (1800-2500 /1gjlOO ml) throughout the 14 days of injections, but this would be partly as circulating iron dextran. During the 14 days, labelled iron, which was initially localized in the bone marrow, was incorporated into haemoglobin and released into the circulation.
Plasma iron clearance
For experiments to measure the effect of the degree of iron saturation of transferrin on the plasma iron clearance, two radioactive isotopes were used. At the same time that tracer 59Fe was added to serum volumes A and C (Table I) , a tracer amount of 55Fe was added to volumes Band D. The degree of saturation of samples A and D was then raised to 60 %by addition of non-radioactive iron as described above and finally sample A was mixed with sample B, and sample C with sample D. In these final serum mixtures, sample AB contained 59Fe attached to transferrin at high saturation and 55Fe at low saturation, whereas in sample CD this order was reversed, although the overall amounts of iron and transferrin were the same in each. Rats were lightly anaesthetized by an intraperitoneal injection of butobarbitone and then injected intravenously with 1 ml of either serum mixture AB or CD. Samples (each 0·2 ml) of blood were obtained from the tip of the tail at 20 min intervals by using heparinized capillary tubes. The plasma was separated and the 59Fe and 55Fe radioactivities were counted by the internal liquid-scintillation technique of Ekins & Brown (1966) . The initial clearance of radioactive iron from the circulating plasma is almost exponential and so, by plotting the results on semi-logarithmic paper, the half-time of clearance of each isotope in an individual animal was calculated.
Unfortunately, it was difficult to obtain accurately timed blood samples by this method and so groups of rats, not anaesthetized, were killed by exsanguination I h after intravenous injection of either serum mixture AB or CD. Plasma was separated and counted for radioactivity as described above and the ratio of the isotopes in the plasma was compared, one group with the other and in each group with the ratio in the originally injected mixtures. Table 2 shows the distribution of 59Fe between the liver, small intestine and circulating blood volume in groups of rats receiving serum mixture AB, labelled at high iron saturation of transferrin, or mixture CD, labelled at low iron saturation. There was no significant difference in the appearance of the labelled iron in the small intestine or circulating erythrocytes. During the first 4 h the radioactivity in blood represented clearance from the plasma and this result agrees with the results using double-isotope labelling (see below). By contrast, uptake by the liver increased progressively over 24 h, and at 1, 2, 4 and 24 h there was significantly greater uptake of the label from serum mixture AB than from CD. After 10 days there was no longer any difference in the liver radioactivity, apparently because of a decrease in liver radioactivity of animals receiving serum mixture AB rather than a rise in those receiving mixture CD. Since citrate ions may affect the binding of iron by transferrin (Aisen & Leibman, 1968 ) the I h experiment was repeated several times by using radioactive iron as ferric citrate (two experiments) and ferric chloride (two experiments). Whichever salt was used, there was always significantly greater uptake of labelled iron by the liver from serum mixture AB than from mixture CD (P<O'OI to P<O·OOI). 
RESULTS

Tissue uptake of radioactive iron
Redistribution of labelled iron
When animals were injected intramuscularly with large amounts of non-radioactive iron, the difference in liver radioactivity, which was normally present at 24 h but which disappeared by 10 days, persisted, so that there was a significant difference (P<0'02) between animals receiving serum mixture AB and those receiving mixture CD (Table 3) . Without injections labelled iron was mobilized from the livers of animals receiving mixture AB and incorporated into erythrocytes. Consequently the liver radioactivity of animals receiving mixture AB and iron injections was significantly higher than for those receiving mixture AB but no injections (P<O'02), whereas the circulating blood radioactivity was significantly lower (P<O'05) ( Table 3) .
Plasma iron clearance
The half-times for plasma clearance of 55Peand 59Pemeasured simultaneously in individual rats are shown in Table 4 . Two animals received serum mixtures labelled with ferric citrate and the other two received mixtures labelled with ferric chloride. There was no consistent difference in clearance that could be related to the degree of saturation of the labelled transferrin. This was confirmed by comparing the 5SPe/S9Pe ratio in plasma samples from groups of rats. At I h after injection of mixture AB or CD there was no difference in the ratio of radioisotopes in the plasma, nor was there a difference from the ratio of radioisotopes originally injected. Whether attached to transferrin at high or low degrees of saturation, the two radioactive isotopes were cleared from circulating plasma at the same rate. 
DISCUSSION
Previous studies have shown that the uptake of labelled iron into reticulocytes in vitro is more rapid from the two-iron-bound form of transferrin than from the one-iron-bound form (Fletcher, 1969; Chernelch & Brown, 1970) . This is due to the receptor sites on developing erythrocytes having a greater affinity for transferrin molecules carrying two iron atoms than for molecules carrying one (Kornfeld, 1970) . The present experiments show greater uptake of 59Fe by rat livers from serum mixture AB than from mixture CD, a result in vivo that exactly parallels the results for reticulocytes in vitro. This is because mixture AB contained radioactive iron attached mainly to the two-iron-bound form of transferrin, as serum volume A was labelled at a high degree of iron saturation, whereas sample CD contained radioactive iron attached mainly to the one-iron-bound form, as serum volume C was labelled at a low degree of saturation. It should be emphasized that the total amount of iron and the overall degree of saturation in the two serum mixtures was the same, and the only difference was whether oneor two-iron-bound forms of transferrin were labelled. The results suggest that the liver and reticulocytes possess similar receptor sites for transferrin and these have a different affinity for molecules carrying one or two iron atoms.
All groups of rats showed considerable iron uptake by the liver. In repeated experiments this was greater at 24 h in animals receiving serum mixture AB than in those receiving mixture CD. More labelled iron was localized in the liver (up to 26 %) and its redistribution was slower than reported by Najean, Dresch, Ardaillou & Bernard (1967) , who found maximum uptake of 12-18 %at 4-6 h followed by mobilization ofa labile pool to reach a stable value by 10 days.
The differences may be due to the high concentration of serum iron and saturation of transferrin in the rats used for the present study; the mean values for twelve animals were serum iron, 366 Itg/l00 ml, and saturation, 72%. Presumably, for mobilization of radioactive iron to occur, free binding sites on circulating transferrin must be available to pick up iron from the liver. If the circulating transferrin is largely saturated there will be few free sites, and if it is completely saturated then none will be available.
Lockner (1966) used this idea when he showed that radioactive iron in labile pools in the bone marrow or liver could be trapped within these tissues by giving injections of non-radioactive iron to saturate circulating transferrin. Lockner (1966) injected iron dextrin (Astrafer), but this may not immediately saturate transferrin, as at least part of the iron must first pass through the reticuloendothelial system. In the present experiments iron sorbitol citrate was injected as this would immediately saturate circulating transferrin (Lindvall & Andersson, 1961) , and saturation was maintained by continued injections of iron dextran. After these injections the difference in liver uptake of radioactive iron between animals receiving serum mixture AB or CD was still present at 14days (Table 3) . Without injections radioactive iron was mobilized from the liver to the bone marrow and incorporated into circulating erythrocytes.
After intravenous injection of radioactive iron into normal man, much smaller amounts of radioactivity, less than 5 % (Pollycove & Mortimer, 1961) , become localized in the liver so that exchange with the liver iron pool is not so important as in the rat. This may be because the normal plasma iron concentration (60-150 Itg/IOO ml) and saturation of transferrin (approx. 30%) are lower. At these values there will be relatively few transferrin molecules carrying two iron atoms, which preferentially deliver iron to the liver, and many free iron-binding sites to mobilize labile iron. When the degree of iron saturation rises, particularly when over 60%, the conditions are reversed and there is much greater delivery of iron to the liver, which is only slowly mobilized (Pollycove, 1966) . The very tight binding of iron in plasma suggests that there are receptors for transferrin in other tissues involved in iron metabolism. After intravenous injection labelled iron appears not only in liver and developing erythrocytes but also in the mucosal cells of the small intestine. However, in the present experiments the small intestine showed no difference in radioactivity between animals receiving serum mixtures AB or CD. This may mean there are no specific receptors, or that the technique of counting the whole intestine with its blood, lymph, interstitial fluid and supporting tissue is too crude to show differences in uptake caused by specific receptors on mucosal cells. Such receptors have been postulated as the link between erythropoietic activity and the amount of iron incorporated into mucosal cells when they are formed in the intestinal crypts (Fletcher & Huehns, 1968) .
It can be argued that receptors in the bone marrow and liver, both having a greater affinity for the two-iron-bound than the one-iron-bound form of transferrin, would lead to more rapid clearance from the circulation of radioactive iron when attached to two-iron-bound transferrin molecules. This was not shown by double-labelling experiments in which s9Fe and sSFe were combined with transferrin carrying either one or two iron atoms (Table 4) . Lane & c Finch (1970) also failed to show any difference in plasma clearance by using the same technique in man. The contrast between this result and the obvious difference in liver uptake can be explained if normally all iron is removed from both forms of transferrin during their passage through the bone marrow but not through the liver. In the marrow the loose sinusoidal structure permits free contact between transferrin and erythrocyte precursors, which must carry a very large number of receptor sites, whereas in the liver the number of sites is probably much smaller. However, when the overall iron saturation of transferrin is high or the number of marrow receptor sites is decreased as in aplastic anaemia, then differences in affinity for the one-or two-iron-bound forms of transferrin may become important in the marrow as well as the liver (Fletcher, 1969) .
